Abstract. Coherent states consist of superposition of infinite number of particles and do not have a classical analogue. We study their evolution in a FLRW cosmology and show that only when full quantum corrections are considered, they may survive the expansion of the Universe and form a global condensate. This state of matter can be the origin of accelerating expansion of the Universe, generally called dark energy, and inflation in the early universe. Additionally, such a quantum pool may be the ultimate environment for decoherence at shorter distances. If dark energy is a quantum coherent state, its dominant contribution to the total energy of the Universe at present provides a low entropy state which may be necessary as an initial condition for a new Big Bang in the framework of bouncing cosmology models.
Introduction
Cosmological observations have demonstrated that at least during two epochs the Universe has had an accelerating expansion. The first era is called inflation [1] and occurred after the Big Bang. The second era is the present accelerating expansion which its effect has become significant since redshift 0.5. Its origin is unknown and is given the generic name of dark energy [2] . It is generally believed that inflation is caused by quantum phenomena such as symmetry breaking and phase transition, most probably related to the breaking of supersymmetry or supergravity. The smallness of limits put on primordial non-gaussianity by observations [3] is probably an evidence for a high energy scale of inflation E inf ∼ 10 −3 − 10 −6 M P where M P is the Planck mass [4] .
Dark energy may be explained in the same manner, that is induced by condensation of a quantum scalar field -or a vector field in some models. Although in the last few years or so gravity models have become a favorite candidate for the origin of dark energy, the fact that inflation and recent acceleration of the Universe seem to be very similar encourage the hypothesis of a quantum origin rather than geometry for dark energy. Obviously the underlying quantum model may be related to quantum gravity -if there is at all such a model. But it is not a necessarily so. In fact it has been shown that condensation of quantum fields at cosmological scales can occur after inflation and reheating, that is during radiation and matter domination epochs [5, 6, 7] . Moreover, a non-gravitational interaction in the dark sector is a physically motivated possibility. For instance the decay of a heavy dark matter which is produced during preheating and has a small branching ratio to a very light scalar field, provides a quintessence field to play the role of dark energy. Moreover, it explains in a natural way and without violation of null energy principle the effective equation of state of dark energy w ed which seems to be −1 [8] .
In this proceedings we first review condensates and their relation with coherent states. The latter can be used to introduce a frame independent definition for vacuum of quantum fields in curved spacetimes. We show that according to this definition the energy of the real vacuum is always zero. This solves the apparent problem of too small observed vacuum if dark energy is interpreted as the energy of the vacuum. Assuming that dark energy is the condensate of one or more quantum fields, we briefly review its evolution in an expending Universe and discuss the necessary conditions for its survival. Finally we present preliminary results from an on going study which its aim is to investigate the evolution of cosmological condensates in the frame work of non-equilibrium quantum field theory. 
Coherent States
R.J. Glauber [9] has proposed 3 equivalent definitions for condensate states [11] :
(i) Eigen state of annihilation operator a α :
(ii) State generated by application of displacement operator D α (C α ) on the vacuum (a reference state):
(iii) State with minimum uncertainty:
where α indicates indices that classify different modes, including symmetry indices in multi-field models. Coherent states that satisfy (2) fulfill also the condition for a condensate state. In particular, Glauber coherent state [9] is defined as:
1 Here we present fields and states in interaction picture unless explicitly specified.
and satisfies all the definitions (2-4) as well as the condensate condition (1). On the other hand, various extensions of this state may satisfy only some of the definitions [11] . The generalization that we will review in the next subsection is based on (2) because it explicitly satisfies the definition of a condensate state.
A generalized coherent state
In [7] we described a generalized coherent state for a scalar field based on Glauber coherent state:
In (6) we have restricted mode indices to momentum k. In this case the condensate in (6) can be considered as superposition of Glauber condensates moving with respect to mode k = 0 with a momentum equal to k.
One can further extend the definition (6) by considering products of states of type |Ψ GC which may in addition belong to different field species indicated by index i in the following expression:
Such a state includes products of states in which particles do not have the same momentum and consists of all combinations of states with any number of particles and momenta. Because (8) includes linear superposition and direct product of Glauber states, it satisfies at least the first two definitions of a coherent state. It is less straightforward to prove the third property.
Definition of vacuum using coherent states
The aim for definition of an extended coherent state [7, 12] is finding a frame independent vacuum state for applications in curved spacetimes. In quantum field theory vacuum is defined as particle-less state of a system:N
In Minkowski space this state is both physically and mathematically well defined. However, as it is well known in curved spacetimes |0 is not preserved under a general coordinate transformation and it is projected to a state with infinite number of particles moving with a variable speed with respect to each others, see e.g. [13] and references therein. Another definition of vacuum used in the literature is the lowest available energy state. This definition has many practical applications. For instance, in condensed matter the lowest energy level of conducting Cooper pairs may be called the vacuum. But is only a relative vacuum and does not mean the absence of matter. On the other hand, in cosmology and in the frame work of Einstein gravity, every matter component is observable through its gravity and contributes to the evolution of spacetime. Therefore, a true vacuum state must be a state with no contribution in semi-classical Einstein equation. Moreover, such a state must be at least asymptotically measurable by all observers. Such a state can be used as an absolute reference for verification of the presence of matter. Evidently, the standard definition of vacuum state does not fulfill these conditions because it is frame dependent. For defining a frame independent vacuum we use the general condensate state (8) . When C k i → 0 ∀ k i , this state is neutralized by all annihilation operators and the expectation value of particle number approaches zero for all modes. Therefore, this state satisfies the condition (9) for a vacuum state. Coefficients A k are relative amplitude of modes k and are determined by underlying model. Therefore, in general they are not zero. The coherent state (8) has the interesting property that under a Bogolubov transformation it is projected to itself:
in (8) with the corresponding expression in (10) leads to an expression for |Ψ G similar to (8) but with respect to the new operator a ′ † k and
Note that here we assume that the Bogolubov transformation changes |0 to a similar state which is neutralized by a ′ k ∀ k. Therefore, in contrast to the null state of the Fock space, |Ψ G is frame-independent. However, it is easy to verify that this new definition of vacuum does not solve the singularity of naive determination of the expectation value of energy-momentum tensorT µν without operator ordering [14, 12] . The singularity ofT µν originates from extension of classical T µν to a quantum field theory operator functional. Due to crossing ambiguity, this operator is not well defined and needs a regularization or operator ordering, but this operation is considered to be not appropriate in the context of Einstein model of gravity in which there is an absolute energy reference and all non-zero energies affect the spacetime metric.
Rather than usingT µν , it is proposed to use number operator kN k to determine the energy density of quantum states and vacuum [13] . Notably, frame-independent of vacuum defined above using general coherent state (8) is neutralized by the number operatorN k |Ψ G = 0 ∀ k. Previously, this alternative method for measuring energy density of vacuum has been considered to be a poor replacement because the standard definition of vacuum in (9) is frame dependent. In addition to an ambiguity-free determination of vacuum energy, the new definition is more consistent with many-particle nature of quantum field theory and can be experimentally realized as a condensate with an amplitude approaching zero.
Dark energy and condensates
The absolute and frame independent vacuum defined above has a null energy according to the prescription explained in the previous section. Therefore, the observed accelerating expansion of the Universe cannot be due to such a vacuum and we must find alternative explanations. Many of suggested alternatives are based on classical scalar fields. Considering the fact that we live in a quantum universe, ultimately the origin of the classical field is quantum. Even in modified gravity models in which the classical scalar field is associated to geometry, presumable dilaton in a scalar-tensor gravity models, the origin of deviation from Einstein gravity is assumed to be quantum gravity, e.g. supergravity, models inspired by string theory, etc.
The only way to obtain a classical field ϕ(x) from a quantum one is its condensation, that is a state for which ψ|Φ(x)|ψ ≡ ϕ(x) = 0. As we discussed in the previous sections |ψ is a condensate and we must study the evolution of a quantum scalar field in a FLRW geometry to see whether a condensate with properties of dark energy can form. Many authors have studied the evolution of quantum perturbations of scalar field(s) and particle production in the framework of quantum field theory in de Sitter spacetime as a good approximation for geometry of the Universe during inflation [15] . The evolution of condensate(s) is also studied for some inflation model [16] , but its formation and evolution pre-inflation era and backreaction of its evolution and particle production on metric is usually ignored.
The study of the evolution of dark energy candidate scalar fields is more sophisticated because it must cover more recent epochs of the Universe, namely radiation and matter domination eras, and present epoch in which dark energy is dominant but matter also has yet a non-negligible contribution. In these eras the geometry is not as symmetric as de Sitter and thereby it is more difficult to solve dynamical equations. Moreover, to have a consistent solution which can be compared with observation one needs to consistently determine the backreaction of various components on each others.
We have begun the programme of studying the condensation of a quintessence field 2 with [7] in which we studied the process of condensation in radiation and matter domination eras using formulation and techniques of non-equilibrium quantum field theory. In this work we limited ourselves to lowest order of quantum corrections, i.e. tree diagrams. A full formulation using 2-Particle-Irreducible (2PI) technique and its numerical simulation is at present an on going work. Here we briefly review conclusions of analytical investigations and preliminary results from numerical simulations.
Formation of a condensate
We study, in the framework of 2PI formalism, the evolution of a model with 3 scalars each in one of 3 physically important scales of particle physics: A decaying massive particle X: Depending on the initial condition it may be considered as inflaton or a decaying dark matter, for initial condition fixed at pre-inflation epoch or post inflation and preheating, respectively. In both cases the mass scale of the particle is assumed to be (sub)GUT (Grand Unification Theory) scale; A scalar field with electroweak scale mass A: This is assumed to be one of the two remnants of the decay of X particles, presumably a Standard Model particle or one which ultimately decay to SM particles. It can be also a collective notation for all remnants except a light axion-like scalar field; A light axion-like (pseudo-)scalar Φ: The condensate of this field should play the role of a classical quintessence field.
We assume that heavy fields X and A do not have self-interaction and produce negligible condensate. Indeed in [7] it is shown that the amplitude of condensate decays very quickly with increasing mass. Because a condensate includes states with infinite number of particles, the amplitude of condensate must decreases very quickly with mass, otherwise even a very small probability for highly occupied states may make the Universe over-dense.
Evolution equations of the condensate and propagators can be obtained from integration of effective action Γ[ϕ, G αβ ], α, β ∈ X, A, Φ and are the followings: Figure 1 . Diagrams contributing to Γ 2 (ϕ, G). Figure 3 . Diagrams contributing to ∂Γ 2 (ϕ, G)/∂G φ , ∂Γ 2 (ϕ, G)/∂G X , and ∂Γ 2 (ϕ, G)/∂G A . Coefficients N 1 and N 2 are defined in Fig. 1 . The tadpole diagrams only contribute to the mass term (14) and do not appear in the r.h.s. of equations (12) and (13) .
where Π(ϕ, G) is self-energy and Γ 2 is the contribution of 2PI diagrams in the effective action. Indices i, j define the field species i = X, A, φ and F and ρ indicate symmetric and antisymmetric propagators, respectively. We should remind that above equations are exact at all perturbative order and truncation to a limited order arises when one calculates self-energies and effective masses up to a limited number of loops and vertices. In (14) [n/2] means the integer part of n/2 and C i j is the combinatory coefficient. These equations are written for an arbitrary metric g µν which is treated as a classical field and we use semi-classical Einstein equation [17] for its evolution. Figure 1 shows lowest order 2PI diagrams contributing to the effective action. Each diagram should be understood as a closed double path and propagators and vertices has indices indicating on which path they are determined. Here, for the sake of simplicity we omit path indices. Figures 1 and 2 shows 2PI diagrams contributing in evolution of condensate and propagators, respectively.
Approximate analytical solution in radiation and matter domination eras
Equations (11-13) cannot be solved analytically. The lowest order of correction is when free propagators are used, which corresponds to neglecting the right hand side of equations (12) and (13), and considering only tree diagrams (which are not shown here) for determination of expectation values in the condensate evolution equation (11) . Moreover, rather than evolving the metric consistently, we assume that it is controlled by a component external to the model. The reason is the coupling of the expansion factor to fields, even for a homogeneous FLRW geometry. This makes analytical solution of evolution equations impossible.
With these simplifications we solve evolution equations (see [7] for details) with an initial condition at radiation domination era and zero amplitude for the condensate. We observe that the amplitude of the condensate grows exponentially in a similar manner to preheating resonance. Obviously, this exponential gross cannot continue for long time otherwise it over closes the Universe. However, under simplifications explained above it is impossible to take the backreaction into account. Notably, interaction between condensate and non-condensed component, that is quantum fluctuations behaving approximately as free particles, is crucial for backreaction process and control of unlimited gross of condensate.
Next we assume a matter domination era and evolve the expansion rate accordingly. In this epoch even the simplest evolution equations in which all interactions and quantum corrections are neglected can be solved analytically only for special cases of zero mass or zero momentum Fourier modes. Using these special solutions and WKB approximation, it is shown [7] that when interactions are neglected or linearized the amplitude of spatial Fourier transform of the condensate decreases with time as ϕ k ∝ t 0 /t meaning that condensate does not survive acceleration. Indeed this evolutionary behaviour leads to an equation of state w 0.7 for the condensate -presumably dark energy -which is already excluded by observations. Therefore, to have a better idea about the exact evolution of condensate one has to solve the full nonlinear evolution equation of condensate. Evidently this is impossible, but some simplification plus power counting show that the equation includes terms similar to an effective potential with negative power which is a necessary condition for existence of tracking solutions [18] . We find that for a self-interacting polynomial potential of order n, quantum corrections of order i have negative exponents and close to constant coefficients if:
It is easy to verify that this condition is satisfied for n 4, i.e. the only renormalizable scalar field models in 4D spacetimes. This conclusion which arises without renormalization of the model is by itself very interesting. However, giving large amount of simplifications performed for obtaining it, reduces the confidence, and therefore it needs confirmation with more robust analytical or numerical calculations.
Numerical simulations
Numerical simulation of the model described in the previous subsections is a work in progress. Figure 4 shows an example of these simulations in which the initial condition is fixed for preinflationary Universe, with φ(t 0 ) = 0 and no free particle, i.e. a vacuum state. It shows that in contrast to the case of radiation domination universe, after an initial increase the effective potential of condensate arrives to a saturated state and produces an inflation. Ultimately simulations should be continued for enough long time to achieve an N ∼ 60 e-folding before it decreases and transfer its energy to a free Φ particles and other species. For the time being, due to numerical errors our simulations cannot achieve this goal and we are working on its improvement. Notably, it is plausible that limited order of quantum corrections considered in the theoretical formulation is not enough for dealing with ultra soft modes. Indeed theoretical investigations show that infrared (IR) modes of massless and light fields in de Sitter space may have an IR singularity [19] when treated with perturbative techniques and need non-perturbative treatment. An example of an analogue situation is small-x regime in Deep Inelastic Scattering of hadrons and pair-production in strong electric or magnetic fields [20] . A method analogue to Color Glass Condensate (CGC) [21] used in QCD is developed for curved spacetimes [22] and may be applicable to cosmological IR problem. Figure 4 . Effective potential of a light scalar field. Initial conditions of the simulation is defined for pre-inflationary epoch with a null initial value for the amplitude of the condensate.
Outline
Coherent states are fully quantum states that behave collectively like a classical field. They may had a crucial role during inflation and reheating, and present expansion of the Universe may be also due to coherent superposition at cosmological distances. In this case, in one hand cosmological coherent states may be considered as ultimate environment for decoherence of quantum states. Moreover, if dark energy is a quantum condensate, its present dominant contribution to total energy of the Universe means that its constituents are mainly in a quantum superposition state rather than being decohered and classical. The verification of such a claim is not easy. Nonetheless, better understanding of early Universe physics through observations of the CMB anisotropies and properties of dark energy, as well as theoretical works, may allow to find a mean for verification of large scale quantum properties of the Universe.
